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Abstrakt
Práce bude zaměřena na vytvoření elektromagnetického vibračního generátoru pro projekt
ESPOSA. Tento generátor bude určen pro leteckou aplikaci, kde bude napájet potřebnou
elektroniku. Elektronikou je myšlena část, která bude snímat, zapisovat a posílat potřebná
data.
Summary
This thesis will focus on creating electromagnetic vibration generator for a project ESPOSA.
This generator will be used in aeronautical application. There it will be powering required
electronics. Electronics is thought a part, which will be sensing, writing and sending re-
quired data.
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Energy Harvesting is about harvesting energy from its environment. So it can use the
energy, which can be considered as a waste energy made by human. For example:
• Heat from exhaust.
• Heat from engine.
• Vibrations.
For heat, it is usually used a thermo-electric generator. And for vibration there are
electromagnetic and piezoelectric generators.
The other type of energy is an energy of the nature. So it is an energy, which is not





For solar energy there are two common ways how to use it. First is to transfer energy
from the Sun(or different light source) to electric energy. And second is about transferring
light energy to heat. The first way of use is used in Energy Harvesting and the application
is from powering calculators to a big power plants.
Geothermal energy is, for example, used in Iceland. That is, because the Icelanders
have volcanic activity in the island. And they can use thermal energy for heating objects
and power plants.
Wind and ocean energy is also used for power plants.
This thesis will be dealing with creating generator for powering sensors. These sensors
should be autonomous and mounted on an aeroplane. So it will be important to find a
solution for powering them. It isn’t appropriate to wire them from central power system
in an aircraft, because it is not proper to install more wiring. Powering them by batter-
ies isn’t user friendly, because after a specific time they must be recharged or replaced.
Whereas the use of Energy Harvesters should help to create almost autonomous sensors.
It is highly possible, that it will be used in the chasing. So it would be not possible to use
a solar system. Unless the panel would be outside, but then there would wiring between
panel\s and sensor\s. Using energy from heat of engine (or other parts) would be good,
but it cannot be used away from heat source.
And now it remains the use of vibration energy. Which should be good in aeronautical
industry. Because chasing of aircraft is vibrating from its engine. Unless it’s a sailplane.
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2. Objectives of the Thesis
Characteristic of this thesis is to create inexhaustible source of electric energy for
diagnostic units in aeronautical application. One of an energy which appears in airplanes
is the vibration energy. So it would be appropriate to use this energy for the autonomous
diagnostic unit. And the objectives are:
1. Creating analysis of actual state of energy harvesting in wireless systems for aero-
nautical industry.
2. Suggestion of appropriate solution of generator according to requirements of aero-
nautical industry.
3. By use of simulation modeling to analyze amount of energy, which can be generated.
4. Creating construction and power electronics for final product sample.
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3. Energy Harvesting in aircraft
industry
3.1. Why do we need it?
Practically, in the article[2] is said, that sometimes the development of new things is
caused by accidents.
One of the known accident in an aircraft history happened on 14th of July 1989[1] in
Hawaii. It was flight 243 with Boeing 737-297. And in the flight level 240 the top front
part of fuselage teared apart of the body as it’s shown on Fig.3.1.
Figure 3.1: 729-297 after accident. Source: US NTSB
Investigation was made by National Transportation Safety Board(NTSB). And their
answer was[1], that it happened because of corrosion in fuselage. And also that the air-
craft was not designed to work in such a salty area. And a conclusion of the investigation
is, that the fuselage needs more inspection during maintenance.
Today’s airplanes are more complicated. For example Boeing 787 Dreamliner is us-
ing composite materials [3]. And on Airbus A380 there were problems with composite
materials [4], which caused cracks in the wing ribs. So for more safety in aeronautical
industry there was created HEALTH MONITORING SYSTEM[2]. It should consist of
sensors and a software which analysis measured data from sensors. And as it was said in
the chapter 1 there are basically three types of energy which are possible to get in the




According to the strategy of use an energy[5] in harvesters, there are following strategies:
Harvester with battery
Main source of energy is a battery. And for secondary energy source is used an energy
harvester. It is used as a support for a battery. So it doesn’t have to produce enough
energy for an appliance and it takes more time to drain a battery.
Autonomous harvesting system
It is the system where it is used only one source of energy. And it is a harvester, which
will produce entire energy. So when source of energy will not be available, then harvester
will not produce energy and the appliance won’t work.
Hybrid autonomous harvesting system
It is a system, which is the most used and also the best. It uses a harvester and a battery.
The harvester produces more energy, than the consumption of the appliance is. Therefore
the harvester can charge battery. When the consumption is higher then production of
electric energy the appliance can use energy of battery.
3.3. Application
3.3.1. Solar airplanes
Project Two seater solar plane [6] was about creating an airplane with power source from
the Sun. The project was based on a Stemme S-10 glider. It is a glider from 80s which
was produced for 1 pilot and 1 passenger. As it can be seen on Fig.3.2 there are solar
panels on its wing. In the wing there are Li-Pol batteries. Engine with a propeller is
mounted on a rudder. And it’s wanted to reduce its weight from 645 kg to 270 kg. If they
could reduce its weight, it should be possible to charge more efficiently batteries during
flight. Because it should be possible to use this aircraft as a glider and the motor could
by turned off. And in good weather a glider can fly thousand kilometers.
The other airplane is a two seat commercial glider [7] Taurus Electro G2 from a
company Pipistrel. Batteries are LiPoly with capacity of 4.75 kWh. According to a
manufacturer, because of higher lifetime of batteries, you can use 3.8 kWh. Weight of
batteries is about 42 kg or 55.6 kg with battery capacity of 7 kWh. Empty weight of
this glider (with batteries) is 306 kg. And it has 1:41 glide ratio. This glider can take off
itself. And in time when the power of motor is not needed it is pulled down. On Fig. 3.3
is shown glider whit pulled out motor.
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3.3. APPLICATION
Figure 3.2: Two seater solar plane. Source: [6]
Figure 3.3: Taurus Electro G2 with pulled out motor. Source: [7]
There is also accessory for this glider named Solar Trailer R©. It is made for charging
Taurus Electro G2. The trailer has on the top of chasing solar panels, see 3.4, and it also
contains batteries with 3 kWh capacity. In good weather it charges the glider in 5 hours.
When conditions are poor, the glider is charged in a workweek and then it’s ready for an
upcoming weekend.




Bi-axial Vibration Energy Harvesting
This is a project of The Australian Defence Science and Technology Organisation (DSTO)
[9]. DSTO is developing Structural Health Monitoring System (SHMS) for use in Aus-
tralian Air Force. The SHMS should be able to this (Document [9] page 1):
• “continuously monitor airframe loads and accelerations during flight”
• “detect damage and damage growth and other structural problems”
• “provide a basis for near-real-time damage assessment”
These steps should cut budget for maintenance of an aircraft. And at the same time
it should be safe.
Nowadays the project is about developing a sensor, which will be mounted in inaccessi-
ble place in an aircraft. Sensor will be also an energy harvester. And during downloading
data from sensor, wireless transmition will also charge sensor. Described scheme is shown
on Fig.3.5.
Figure 3.5: Scheme of Harvester, with location on an aircraft. Source: [9]
In this work it was created the biaxial harvester with a magnetostrictive transducer.
Transducer was placed between ball bearing and a magnet, see Fig.3.6. Bearing can move
in two axis and it is attached via magnet to a transducer
Testing was made with bearing ball (AISI 52100) D = 25.4 mm, magnets (NdFeB,
N42) and magnetostrictive (ME) transducer. Magnets and transducer are cylindrical
with D = 10 mm.. Thickness of magnets is 10 mm. ME layers are 1.5 mm thick. For
measurement of the bearing displacement was used a laser. Acceleration of vibrations was
8
3.3. APPLICATION
Figure 3.6: Design of Harvester. Source: [9]
set to 61 mG. On the figure 3.7 is shown a testing rig with a harvester set for a testing
of power output, voltage output and bearing displacement.
Figure 3.7: Testing rig. Source: [9]
For measurement were used 0−25 MΩ load resistors connected to the ME transducer.
Optimal frequency was set to 9.8 Hz. Results with RMS power output and Peak voltage
are shown on Fig.3.8.
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3.3. APPLICATION
Figure 3.8: Maximum peak voltage, with RMS power output. Source: [9]
Energy Harvesting Wireless Sensor for Helicopter Damage Tracking
Goal of this work was to create an energy harvester, which would power a strain gauge.
The strain gauge should measure a strain in rods for rotor control of AH-1W [10]. Sam-
pling rate of measurement should be at least 40 Hz.
For a testing rig it was used a frequency of 40 Hz. Strain of piezoelectric material for
testing was set between ±100 and ±500 µm
m
. Strain of rod in helicopter was approximately
±150 µm
m
. Testing rig is shown on Fig.3.9. Piezoelectric material (brown) was bended in
the middle of the rig.
Figure 3.9: Testing rig. Source: [10]
Power output results varied from 1 to 5.5 mW in the range of input strain from ±100
to ±500 µm
m
. So electronics should be consuming less than 1 mW .
In next Figure 3.10 is shown a working energy harvester which is able to measure data
and send them wirelessly.
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3.3. APPLICATION
Figure 3.10: Concept of energy harvester. Source: [10]
Energy Harvesting for Aerospace Structural Health Monitoring Systems I.
This work [8] is dealing with vibration and thermal EH. Generator is supposed to be used
for powering Aerospace Structural Health Monitoring Systems (SHMS) in an aircraft.
For testing a vibration generator it was used a piezoelectric device. Range of usable
frequencies were set from 20 to 400 Hz. And load resistance was used from 1MΩ to 5kΩ.
The MIDE Quickpack QP10n was used as a harvester. And it was tested on a vibration
rig, shown on Fig.3.11.
Figure 3.11: Testing rig with piezoelectric generator. Source: [8]
The results of measurements are on Fig.3.12. This figure shows Power peak output
dependence on Load resistance with a variety of used frequencies.
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3.3. APPLICATION
Figure 3.12: Peak power output dependent on Load resistances. Source: [8]
3.3.3. Thermal energy
Energy Harvesting for Aerospace Structural Health Monitoring Systems II.
For the use of thermoelectric generator (TEH). There were made measurements on aircraft
by thermocouples. From measurements there were set places for TEGs positions, see
Fig.3.13
Figure 3.13: Locations of measurement with thermocouples. Source: [8]
Then in this work it was simulated power output of TEGs which were placed in
locations according to a Fig.3.13. The Power outputs are described in Table 3.1.
12
3.3. APPLICATION




















Cabin wall fuselage skin
Cabin wall primary insulation
30 13.36 3.97
Cabin wall fuselage skin
Cabin wall secondary insulation
30 30.06 11.7
So according to these results. In locations where it is possible to use a TEG as a power
source. It would be more efficient to use the TEG instead of Piezoelectric generator.
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4. Electronics on the Market
For energy harvesters there are many power managements. They are made for different
harvesters (solar, heat, etc.). It has been bought some power management and other
accessories to BUT. So in this chapter will be shown what kind of electronics is now
available at the market.
LTCR©3105
This is a step-up DC/DC converter. Input voltage (Vin) range is between 0.225 − 5 V .
It’s good for solar panels and TEGs, because they produce DC. On Fig.4.1 it is shown
efficiency of converter with input voltage from 0.6− 1 V and output voltage (Vout) 3.3 V .
Maximal efficiency was 70%.
Figure 4.1: Efficiency diagram of converter: [16]
LTCR©3534
Buck-bost DC/DC converter is working in Vin range between 2.4 − 7 V and Vout range
between 1.8− 7 V . [17]. Maximal efficiency is 94%. Maximal current input is 1.8 A.
LTCR©3588-1
It’s a power management for piezoelectric and electromagnetic harvesters. Vin ranges
between 2.7− 20 V and Vout range between 1.8− 3.6 V . It includes a rectifier with buck
DC/DC converter [18]. Maximal output current is 100 mA.
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MAX17710
It’s a power management for energy harvesters. It can charge a battery pack(specialized
for THINERGY cells), with overcharging and undercharging protection. It’s for harvesters
with power output from 1 µW to 100 mW with voltage from 0.75V . Selectable Vout is
1.8V , 2.3V and 3.3V . Dimensions are 3 x 3 x 0.5 mm [19].
THINERGYR© MEC201
It’s a thin battery for use in EH, 170 µm thick with capacity of 1 mAh (4 mWh) at
voltage 4 V . Dimensions are 25.4 x 25.4 x 0.17 mm and its weight is 490 mg. MEC
means micro energy cell. It’s lithium phosphorus oxynitride LiPON cell, which has low
discharge. It’s said that it can store energy for years. Lowest charging current is 1 µW .
[20]. On Fig.4.2 it’s shown discharging of battery in time of years.
Figure 4.2: Discharge in years: [20]
Others
Other available power managements/converters are:
• bg 25504 EVM - Power management; Vin 0.13 − 3 V ; Vout 3 V
• LTCR©4071 - Battery charger for low current (550 nA)
• CBC-EVAL-09 - Power management for all EH.
• CBC915 EnerChip - EH
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5. Introduction to the Problem
5.1. Base Knowledge
The idea of this thesis is in creating a power source for aeronautical application. It is
based on the research made at the BUT. In the aircraft there are three possible sources for
energy harvesting (thermal, solar and vibrations). In this case there was chosen vibration
as a power source. That decision was made, because in the airframe the vibrations are
available everywhere.
Because there is more experience with electromagnetic vibration generators. It was
chosen an electromagnetic vibration generator for this application. The generator has to
be designed for specific application (frequency, magnitude of vibrations, etc). Thus for
finding the best solution, there must be made an optimisation of the generator.
5.1.1. Vibration Generator
It is a device which changes mechanical energy of vibrations to electrical energy. It has
moving and steady parts. In a magnetic vibration generator there are magnets, a spring
and a coil. The coil is moving between magnets (magnetic field). The device is tuned to
the frequency of mechanical vibrations.
Schema of vibration generator is shown on Fig.5.1, [14]. Where vibrations move with
magnets and mass of moving parts of EH. bm represents damping forces from mechanical
and other frictions, k represents spring and be is damping force made from coil moving in
magnetic field.
Figure 5.1: Schema of vibration EH. Source: [14]
On the coil is induced voltage ui, power is divided between Rc (coil resistance) and
RL (load resistance).
Advantages of this device are [15]:





• When battery not used, it is harmless to the environment
Disadvantages of this device are:
• Weight of the device.
• Moving parts.
• Magnets cannot work in high temperature environment.
• Low power output.
5.1.2. Faraday’s law
As it has been written before, generator produces electric energy via moving coil in a
magnetic field. There are two ways how to do it. First way is to have moving coil
between steady magnets and second way is to have steady coil between moving magnets.
The work of an electromagnetic vibration generator is based on Faraday‘s law. So
when a conductor moves in an electromagnetic field with induction ~B perpendicular to
the ~v of conductor, it induces a voltage, see Fig.5.2.




Magnetic flux φ in equation (5.1) represents magnetic induction B through cross sec-
tion S of an whole coil. So φ equals to:
Φ = N ·B · S · sin (α) (5.2)
In equation (5.2) N is number of turns of a wire in a coil, B magnetic induction, S
cross section of a wire and α is an angle between vector ~B and ~n, see 5.2.
So from equation (5.2) and (5.1) it’s got following equation:
ui = −dB
dt
· n · S · sin (α) (5.3)
So coil must be perpendicular to the magnetic induction B to get maximal voltage ui.









Figure 5.2: Moving conductor in magnetic field.
Where ~v is a velocity vector of a coil with active length ~l in magnetic field with
induction ~B, see Fig.5.2. ~v must be perpendicular to ~B. When voltage is induced and
then coil is wired to the resistance, then current starts flowing in a coil. This causes a
force reaction against movement of a coil. In a vibration electromagnetic harvester it’s
damping force.
5.1.3. Dynamics of the Generator
Generally speaking the electromagnetic vibration generator is well described in publica-
tion [22]. It is in a certain way similar to an electromagnetic suspension system. Usually
it’s used a simplified model of vibration EH, see Fig.5.1. In this thesis it was used a
schema with lever, see Fig.5.3.
Lever is excited with vibrations, and angle is defined by q(t). And it is defined with
mass m and inertia I, spring with stiffness k is tuned to the frequency of the system, and
damping b. Damping consists of mechanical damping bmech, with all friction in the system,
and electrical damping bel, which is caused by coil between two magnets. Therefore btotal
equals to (5.5).
btotal = bel + bmech (5.5)
For equation of dynamic behaviour of this generator it’s used Lagrange equations of





















Figure 5.3: Schema of vibration generator
• Ek is kinetic energy.
• Ep is potential energy.
• Eb is dissipative energy.
• Q is the external force, or derivation of power by q˙.
• q is a general coordinate or a position.















In equation of dissipative (5.9) energy bgen is generalised damping of generator.
When all energies are put to the equation (5.6), then it’s got the equation describing
the dynamic behaviour of the vibration generator:





• I is moment of inertia.
• ϕ is angle of lever.
• ϕ˙ is angular velocity of lever.
• ϕ¨ is angular acceleration.
• ain is magnitude of acceleration of vibrations.
• ω is frequency of vibrations.
• i is radius of gyration.






Radius of gyration is length from axis of rotation of a lever to the point, where its
mass is concentrated [24].
5.1.4. Electric Circuit
Power output of harvester is calculated from scheme Fig.5.4. Left part of circuit contains
only load resistance Rz. Right part has coil electric circuit. On coil it is induced voltage
ui (5.4). In this specific case (lever) the equation for ui is following (5.12).
ui = B · 2 · lact ·N · xcoil · ϕ˙(t) (5.12)
~l in (5.4) is replaced with 2 · lakt and N . lakt is active length of one-half winding of a
coil between magnets, therefore it mus be multiplied by two. N is number of turns of a
coil. xcoil is length from the axis of a rotation to the point, where the coil is rotating.
Other parts of coil circuit are coil resistance Rc and induction Lc. So then the power





c + (j · ω · Lc)2
(5.13)
In equation (5.13) induction Lc is low. That is because coil has no core inside [22].





Because force equals to F = b · x˙ (b is damping) and power to P = F · x˙, then power
output of this specific coil can be defined:
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5.2. DAMPING
Figure 5.4: Electric circuit of coil and load
p = bel · ϕ¨(t) (5.15)
bel is electric damping of coil. Definition of this is explained in section 5.2.2.
In this thesis simulations were made with coil made from copper. And resistivity of a
copper was set to ρcopper = 0.0175 · 10−6 [Ω ·m] [12]. And formula for resistance of this
coil is:
Rc = ρcopper · l
S
(5.16)
l is whole length of a coil. S is area of cross-section of a coil. Resistance of coil is
usually small. So when load resistance is much higher than Rc then dissipation on Rc is
low to Rz. Therefore it’s possible to set approximate resistance for required RMS voltage






As it was said in a previous section there are bmech and bel. bmech is calculated from quality
factor Q.
5.2.1. Quality Factor
Quality factor is a ratio between amplitude of vibrations of the generator X0 and ampli-











2 · ζmech (5.18)
Equation (5.18) is the same (7.2) in chapter 7 with added equations. ζmech is damping
ratio of the harvester. bmech is damping of the mechanism, m is generalized mass and Ω
is resonance frequency. bmech can be calculated according to equation (5.19).
bmech = 2 · ζmech ·mgen · Ω = 2 ·mgen · Ω
Q
(5.19)
So when Q is smaller then bmech is bigger. Requirement is to create harvester with the
smallest damping, therefore quality factor must be as high as possible.
5.2.2. Coil and Load
The coil in this generator has two functions. First is about generating electric energy and
second is about damping the system.
Equation for value of coil damping is based on equations (5.12,5.15):
bel =
(B · 2 · lact ·N · xcoil)2
Rz +Rc· (5.20)
B is made by magnets (red/green) shown on Fig.5.5. And on Fig.5.5 a coil is shown.
And when a coil dampens the energy of damping then it is consumed on Rz and Rc.
Figure 5.5: Coil between magnets
5.2.3. Springless Stiffness via Magnets
A stiffness in a vibration generator is one of the most important attribute of generator,
because the stiffness k of generator must be set precisely to frequency of the generator.
Formula of stiffness is following:
k = I · Ω2 (5.21)
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I is mass of inertia and Ω is natural frequency of generator.
For a stiffness it is usually used a spring. But this generator should be working for a
long time and a spring is another part, that could be worn out. So therefore there was
an idea [22] of replacing spring with magnets. That can be made, because a spring is just
making force to the lever and magnets do the same thing.
Figure 5.6: Magnets for damping
On Fig.5.6 it is shown an arrangement of magnets on lever. Magnets are the ones
with hatch. One pair of magnets is put on the lever and fixed. Second pair of magnets
is permanently fixed to the closure of the generator. Magnets are repelling from each
other and the force is increasing when lever is closer to a magnet. Forces from magnets
are usually non-linear. But there are two lines, where it can be considered as linear, see
Fig.5.7. Calculation for a magnitude of force Fmag1 applying to the lever is calculated
from stiffness k and angle in radians ϕ. It is calculated the point, where the force should
be the same with spring, see equation (5.22).
Fmag1 = k · ϕ (5.22)
Second point is calculation mainly for a simulation, but in real conditions it doesn’t
have to be the same as calculated. For example: For angle ϕ twice bigger then in formula
(5.22) it is used a force Fmag2, which is ten times bigger then Fmag1.
On Fig.5.7 it is shown a force applying to the lever. To the angle 0.122 rad it has
the stiffness of k (5.21), with bigger angle the stiffness is bigger. Therefore the lever will
usually get only to the angle 0.122 rad.
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Figure 5.7: Forces from magnets to the lever [15]
5.3. Analysis
Analysis of the generator has to be made, because some specific attributes of the generator
must be complied. The generator has its weight, dimensions, power output, etc. So, for
example, specific power output is defined, but the dimensions are unknown. Genetic
algorithm can find these dimensions. In this thesis SOMA was used.
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6. SOMA
For optimisation it is important to use an algorithm, that can optimize dimensions,
weight and other important requested values. For this purpose it’s been developed an
application in [12], that can find the best solution for an electromagnetic vibration energy
harvester. And for that there’s been used SOMA.
SOMA is Self-organizing migration algorithm. It was developed in 1999 by Ivan
Zelinka. Who works at the University of Tomáš Baťa in Zlín [12]. It’s based on principles
of intelligent species in natural environment who cooperates on common tasks. [11] New
orphans are created by looking for of in the space. The cycle called in evolution algorithm
as a “generation” is in SOMA called as a “migration round”. As a example from real life
of this algorithm can be showed on a group of wolfs. When they are looking for food.
They organize moves of each other to get better solution.
6.1. Principle of SOMA
When SOMA is used for group of wolfs, which is looking for food [11],then wolfs share
informations about quality of food they found and they change behaviour according to
these informations. Every wolf does the best to find the best food. After this step they
share informations who found the best solution. And wolfs with worse solution would
migrate to the leader (wolf with best food). This is repeating until they all found the best
food source.
6.2. SOMA Strategies
There are several types of strategies, how SOMA can be used. See Fig. 6.1. Under Fig. 6
strategies are explained.
Figure 6.1: Strategies of SOMA. Source: [13]
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1. AllToOne - All to one
• In the beginning every individual got a value from cost function. The individual
with the best value will be the Leader for the next migration round. Other
individuals will be moving to the Leader after steps.
• After every step all individuals will get value of cost function. In case that
value is better then previous it will be stored in memory.
• In next migration it’s used the Leader of previous calculation as a starting
point.
2. AllToAll - All to all
• In this algorithm there isn’t the Leader
• Items chose the best solution the same ways as in the AllToOne, but next
migration starts in the beginning.
• It’s more possible that this strategy reaches the global extreme, but it is com-
putationally demanding.
3. AllToAllAdaptive - Adaptively all to all
• It is similar to the previous strategy. But when in migration round it is found
a better solution, it is used in next migration.
4. AllToOneRand - All to one randomly
• It is similar to All to One. It goes to the Leader
• The Leader is not chosen by objective function, but randomly. It is made in
migration from previous population.
5. Clusters
• It is an addition in previous strategies. It doesn’t have to be used.
• Individuals used in migrations are divided into clusters.
• After clustering for every cluster it is used SOMA.
6.3. Description of SOMA All to One
In the work of Kurfürst [12] AllToOne is devided into three phases:
1. phase “recognition”. All populations, created by individuals, have information
about the problem.
2. phase “cooperation”. Individuals, during migration to certain informations, share
gained informations of the problem.
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3. phase “competition”. Individuals try to get the best solution of the problem. During
sharing informations they found who has better solution.
Other items, during “competition” to the leader, try to find better solution.
27
7. Original Model
Origin of this thesis is in the work [14]. The work was dealing with electromagnetic
generator as an energy harvester. Harvester was excited by mechanical vibrations. It was
created to power wireless temperature system in aeronautic application. The project was
a part of European WISE project.
Schema of this work is on Fig.5.1 in chapter 5.1.1.
Figure 7.1: Mechanical schema of vibration EH. Source: [14]
On Fig.7.1 is shown. That four magnets were used instead of two springs. Repelling
force from magnets on a lever and a body produce a force (spring stiffness). The stiffness
is non-linear.
The resonance frequency was set to 17 Hz. The amplitude of vibrations was from
0.1 − 1 g. An output power was 3 − 26 mW with range of vibration amplitude
0.1 − 0.5 g
The weight and dimensions of a testing harvester of power sensitivity were 50 mm
x 40 mm x 40 mm and 135 g. Coil had 300 tuns, because of measurement of testing
(quality factor). The energy harvester is shown on Fig.7.2
Figure 7.2: Testing vibration EH. Source: [14]
It was made an improvement in construction of lever joint to the body of harvester,
see Fig.7.3.
Shaft of the lever is forced to the bearing. It’s caused by forces from spring magnets
to the lever. When lever is oscillating, the shaft is rolling on the bearing. So then it has
better friction coefficient. Friction force depends on an angle of lever and on an amplitude
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Figure 7.3: Improved lever joint. Source: [14]
of excitation movements. Shaft was made from hardened steel and bearing from brass.
Diameter of shaft was 1.2 mm and bearing had 3.8 mm.
Then it was tested WISE generator and the testing generator with changed joint
connection (Fig.7.3). Lever of both generators was rotated to the same position and
unleashed. Then the output voltage in time was measured. Equation (7.1) is from [14].










On Fig.7.4 is shown measured data from both generators. These data were used for
equation (7.1). [14] “ where x1 is the magnitude at one point of the damped oscillation
and xn is the magnitude of the damped oscillation n periods later”. When high RL is
connected to the coil, then it can be calculated MDP from measured data from (7.1) as
on Fig.7.1.
Figure 7.4: Measured data for MDR (a) WISE generator, (b) Improved generator. Source:
[14]
For calculation, quality factor of generators, it was used an equation (7.2) from [14].
The quality factor of both generators in low rotation were Q = 35. But in higher rotation
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WISE generator had Q = 105 and improved generator had Q = 230. So the measurement
showed, that new generator in high rotation has lower friction then WISE.
Q =
1
2 · ζm =
1
2 · bpmech (7.2)
Then there were made simulations to find out best parameters for a coil. RL was set
to 3.5 kΩ and amplitude of vibrations was set to 50 mg. On Fig.7.5 is shown output
power with different number of coil turns and different quality factor.
Figure 7.5: Simulated output power with Quality factor and number of coil turns Source:
[14]
So from these informations a 3D CAD model was created for last testing:
• weight 120 g
• dimensions 46 x 43 x 51 mm
• operating frequency 17 Hz
• output power 5 mW
• amplitude of vibrations 50 mg
On Fig.7.6 is shown the CAD model, which was used for created in the work [14]. And
also was used for starting point in this thesis.
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7.1. USED ELECTRONIC
Figure 7.6: 3D CAD model Source: [14]
7.1. Used Electronic
In [21] is shown practical use of commercial electronics. There were used MAX17710 as
a power management and THINERGYR© MEC201 for energy storage. EH was used from
project described in chapter 7. Electronics is shown on Fig.7.7.
Figure 7.7: Harvester with power management: [21]
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8. Model
Original model for this thesis is described in chapter 7. For further use is too much
complicated, because it has to be parametrised. On Fig.8.1 it is shown a cross-section of
generator [14]. All parts on figure are colored. Lever (orange), pole pieces (dark red), pole
bond (yellow) and magnets (grey) will be similar to the origin (it’s simple to parametrise).
Plexi (transparent black) and closure (shades of blue) are too difficult to parametrize, so
that will be changed. And pole pieces (dark red) will not be beveled.
SolidWorks edice pro školství.
 Slouží jen pro instrukce.
Figure 8.1: Original model, cross-section
On Fig.8.2 it is shown a generator, which will be used for this thesis. Casing is made
more simple with no radius and other edge cuttings. The position of damping magnets is
not not final, because they will be optimised in Maxwell.
Lever and pole bond are made from aluminium alloy. Pole pieces are made from alloy
steel, magnets from NdFeB (N30) and chasing from plastic material.
In section 9 will be described how parts are parametrised. Dimensions are dependent
at each other, so when it’s changed one dimension, others will adapt.
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8.1. COIL MAGNETS
Figure 8.2: Changed model, cross-section
8.1. Coil Magnets
One of the most important value is magnetic induction between permanent magnets B,
where it’s placed the coil. Because B sets the value of bel. For simulation in Simulink B
must be calculated via equation.
Figure 8.3: Blueprint of magnetic circuit, based on [12]
On Fig.8.3 it’s shown configuration of magnets and pole pieces. Values a, b, c ,f and
angle5 are set by user. d and e are calculated.
Description of values on Fig.8.3:
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• a is air gap between magnets [m].
• b is width of permanent magnets [m].
• c is width of pole piece [m].
• d is length between magnets [m].
• e is height of pole piece [m].
• f is height of permanent magnet [m].
• angle5 is an angle between plane of magnet and plane of pole piece [rad].
Equation of B in air gap between magnets was derived in [12]. It is made for NdFeB




1 + 1.3687 · 10−6 ·
(
1




Where µ0 is vacuum permeability and equals to 4pi.10−7 [Hm−1]. µpn is permeability
of pole pieces and equals to 4689 [Hm−1]. During experiments it was found [12], that
result from equation (8.1) must be multiplied by 0.7 to get real magnetic induction. After
calculation it is good to use FEM application for verification magnitude of B in the air
gap of the harvester. For this purpose it was used MAXWELL. Example of a result of a
vector of magnetic induction it’s shown on Fig.8.4.




In the thesis a coil is calculated from known dimensions of the generator. Coil must be
fitted between magnets, see Fig.8.5. First idea was creating a coil, that will be moving
only between magnets. Therefore it had to be specified maximal used angle of the har-
vester anglem. Unfortunately this idea was not effective. Because magnets had to have
large sizes. And that caused high harvester’s values of mass m and moment of inertia I.
Solution for this problem could be in minimizing anglem, but this cause also problems
with m and I.
Second idea, and also used, has the same height of coil 8.5 Vc and same height of
magnets f (Vc = f). Width of coil tc is calculated by following formula:
tc = a− 2 · amc (8.2)
a is a gap between magnets. amc is an air gap between a magnet and a coil. With this
knowledge it’s calculated an area of a cross-section of a coil (8.3).
Scu = Nscu · tc · Vc (8.3)
Nscu is number from 0.1 − 1 which can lessen area of a coil cross-section.
Figure 8.5: Coil between magnets
Usually, when a coil is wound, it is not wound perfectly. Therefore there are gaps
between threads. The problem solves fill factor kc. It simply lessens usable turns of coil.
For calculation in Matlab, it was used:
kc = 0.75 (8.4)
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Number of turns of a coil N is calculated by following equations:
N =
Scu · kc · Vc
pi · r2c
(8.5)
rc is a radius of a coil. Then length of coil must be calculated lc.
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9. Optimisation
The requirement is to find the best solution for input and requested values. This
cannot be reached by setting dimensions of the harvester manually, because power output
would vary. Solution for this problem can be by using program, that can change dimen-
sions of harvester and then id finds best solution.
This problem was solved in thesis [12]. There was used optimisation method called
SOMA 6 All to One. So the code is transformed for needs of the electromagnetic vibration
energy harvester with lever.
9.1. Optimised dimensions
Optimisation was made on parts, which had the most significant contribution on power
output, mass and moment of inertia. Optimized dimensions and constants are, see Fig.8.3:
• a (between magnets) 1 − 10 mm.
• b (width of permanent magnets) 1 − 5 mm.
• c (width of pole piece) 1 − 10 mm
• f (height of permanent magnet) 5 − 20 mm.
• angle5 (angle between plane of magnet and plane of pole piece) 10 − 20 ◦.
• Nscu (cross-section reduction) 0.1 − 1 [−]
• lakt (active length of a coil, see Fig.9.1) 5 − 20 mm.
• lnos (length of a beam, see Fig.9.1) 15 − 70 mm.
• Scu (cross-section of a wire) 0.1 − 2 mm.
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Figure 9.1: Dimensions of the harvester
9.2. Parametrisation
In [12] it was parametrised simple vibration generator. Where optimized dimensions spec-
ified an entire generator. In this project it had to be made relationship with the optimized
dimensions and dimensions of an entire generator. Therefore every dimension of a gener-
ator had to have connection to the optimized dimensions. For this purpose it was used a
generator from [14] and it was divided into several parts.
First part contains a lever and damping magnets. Magnets are hatched parts.
Figure 9.2: lever with magnets
38
9.2. PARAMETRISATION
A lever is made from an aluminium alloy. And the mass density of aluminium alloy
(1060) is ρ1060 = 2700
kg
m3




Second part is a pole bond, which consists of two parts, see Fig.9.3. Part 1© is part of
lever and it is connected to the part 2©.
Figure 9.3: Pole bond
Both parts are made from aluminium alloy (1060) with ρ1060.
Third part contains pole pieces and magnets. Magnets are hatched parts.
Figure 9.4: Pole pieces with magnets
Pole pieces are made from alloy steel ρ304 = 8000
kg
m3
. And magnets are from the
material as damping magnets. On Fig.9.4 some dimensions have two names. First name
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with one letter and number was used for calculation of m and I of the harvester. The
second names were described in previous chapters and they are the input data. Calculation
of mass m and moment of inertia I is divided into several steps. First it is important to
calculate mass:
m1 = ρm · a32 · c32 · b32 (9.1)
m1 is mass of damping magnets
m21 = ρ1060 · b2 · t22 · c2 (9.2)
m22 = 2 · ρ1060 · t21 · c2 · (a2 − t22 − t21) (9.3)
m23 = ρ1060 · b2 · t21 · c2 (9.4)
m21 − m23 is mass of the pole bond.
m31 = ρ1060 · a31 · b31 · c31 (9.5)
m33 = ρ1060 · a33 · b33 · c33 (9.6)
Equations (9.5) and (9.6) calculates the mass of lever.
m4 = ρ304 · (b41 · a42 − sin(angle5) · cos(angle5) · b512) · c41 (9.7)
m4 is mass of left pole piece, see Fig.9.4.
m5 = m7 = 2 · ρm · b51 · a51 · c41 (9.8)
m5 and m7 is mass of all four magnets for coil, see Fig.9.4.
m6 = ρ304 · (b62 · b61 + a62 · b61) · c41 (9.9)
m6 is mass of right pole piece, see Fig.9.4.
For I magnets are calculated as a point mass. It is also important to calculate the centre






b41 · a41 − sin(angle5) · cos(angle5) · b512
+ a1 + t22 (9.10)
xt4 is the position of centre of mass of the left pole piece in x axis. In y axis the position






+ a1 + t22 + a41
− sin(angle5) · b51
(9.11)
yt5 = − cos(angle5)·b512 + cos(angle5)·a512 + b412 (9.12)
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xt5 is the position of centre of mass of left magnets on pole piece in x axis. yt5 is the






a62 · b61 + a61 · b62 + a1 + t22 + a41 + a81 (9.13)
xt6 is the position of centre of mass of the right pole piece in x axis. In y axis the position
of the centre of mass is yt6 = 0 [m].
xt7 =
sin(angle7) · b51 − cos(angle7) · a51
2
+ a1 + t22 + a41 + a81 − a61 (9.14)
yt7 = −cos(angle7) · b51 + b61 − sin(angle7) · a51
2
(9.15)
xt7 is the position of centre of mass of right magnets on pole piece in x axis. yt7 is the
position of centre of mass of right magnets on pole piece in y axis.
Moment of inertia I is required for z axis. Therefore it was calculated formula for that.










xt and yt are positions of center of mass and dm is an elementary mass. From this
(9.16) equation it’s derived other equations, which simplify process of equation Iz of the
harvester (used eq. 9.1 − 9.16):
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For calculation of mass of the harvester (magnets+lever+. . .) it must be counted m1 −m2:
m = m1 +m21 +m22 +m23 +m31 +m33 +m4 +m5 +m6 +m7 (9.18)
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All these values are calculated in Matlab. But there were made many simplifications,
and therefore there had to be made a comparison of results from Matlab and from other
software. For comparison it was used a 3D Cad modeller Solidworks. In Solidworks were
all dimensions parametric and connected to Solidworks via Excel file. This was made by
built in function Design table, which makes table of used dimension and exports it into
xls file. Example of this data of lever is shown on Fig.9.5.
Figure 9.5: Parametric table data of lever
Parameters have the same name as in Matlab. And after calculation of parameters and
finding solution in Matlab, data are sent to these Excel files and after opening assembly
file new dimensions are recalculated.
Figure 9.6: Parametric simplified 3D model
On Fig.9.6 it is shown a model from which it’s get information of m and Iz. Compar-
ison showed that calculation from Matlab is almost the same as calculation from Solid-
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works. Therefore it was decided to create more precise parametric model. That model
has connections between its parts, bearings etc.
Figure 9.7: Parametric 3D model
9.3. Requirements of the Vibration Generator
Requirements of the vibrations energy harvester are:
• Mean power output about Pmean = 100 mW .
• Output voltage 6 − 18 V .
• Minimal weight.
• Lifetime.
• Maximal angle o lever ±3.5◦ for an ideal vibration input.
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With these informations the harvester was optimised for Urms, and that was set to 10 V .
From equation (5.17) it was calculated load resistance Rz = 1000 Ω. And the most
important are the vibrations, which the harvester is designed for:






20.874 0.2 · 9.81
28.747 0.3 · 9.81
41.931 0.2 · 9.81
So in table 9.1 there are values of vibration, where the harvester could operate.
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10. Results
Dynamic model of the generator was used in Simulink and all demanded values were
calculated and exported to Matlab. Scheme of Simulink model is on Fig.10.1
Figure 10.1: Model of harvester in Simulink
During optimisation there were made many simulations. So it had to be made a system
of finding the best solution. For this purpose was used cost function:
cvalue = [1000 · (ζel − ζmech)]2 − 1000 · (Uzdem − Uzrms)2 +mdem ·m+ C (10.1)
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Formula was base on many simulations. In this program there were choosing results with
smaller cvalue, then there were calculated before. ζmech is damping ratio, which is based
on quality factor Q. In work [14] it is shown that, for this type of generator Q = 100 [−].
Therefore mechanical damping ratio ζmech = 12·Q = 0.005 [−]. ζel is damping ratio of a
coil, the maximal power output of this type of a generator is when both damping ratios
are equal [22]. So in (10.1) these two values are subtracting and squared, therefore when
they are equal, the result is 0. But more they differ, the cvalue is bigger. Uzdem is requested
voltage 10 V and Uzrms is measured, calculation is the same as in damping ratio. mdem is
unit-less number, which sets the weight of minimizing m. C is constant which is usually
0, bet when there’s calculated an intersection between objects the value of C gets high
and the program will not choose harvesters with intersection.
For simulation of dynamics it was used a model in Simulink, see Fig.10.1
10.1. Comparison of Results
In the begin of the chapter was said that there are three sources of vibrations, which
the harvester can be designed for. Thus there was made first iteration which given the
information about ideal mass of the harvester with defined type of vibrations.
Table 10.1: Table mass and power output




In table 10.1 it is showed, that simulated power output for all vibrations is above the
demanded. So there is place for changing in the structure of harvester. The smallest
weight is calculated for 28.75 [Hz]. For other design changes there will be used harvester
for this frequency.
10.2. Verification of Results
Firstly, there was made a comparison of results from Matlab and Solidworks. Firstly it is
important to see the ratio of dimensions of the harvester and check m and Iz. Calculated
mass was 140.9 g mass from Solidwork was 143.21 g. Iz calculated was 0.000748
kg
m3
and from Solidworks it was 0.000697 kg
m3
. Length of coil was 60 [m], Rc = 21 [Ω] and
N = 515 [−].
The distance between top and bottom magnet of pole pieces is higher than air gap
between them. Thus, it can be considered that calculated magnetic induction between
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Figure 10.2: First design of the harvester
magnets B = 0.4483 [T ] is not far from the true result. For correction it’d been used a
Maxwell:
Figure 10.3: Magnitude of B
In Fig.10.3 it is shown, that magnetic induction in corners is low, therefore it is possible
to cut them. For finding exact magnitude of magnetic induction in a coil it was made a
graph of magnetic induction in the middle of the upper coil.
From graph 10.4 it is evident, that results from Matlab are close to reality.
Working point
Calculated diameter of a coil must be recalculated to find the best diameter of a coil. It
is known that maximal current per mm2 is 2 [A]. With reserve it was specified, that it is
possible to use a coil with these parameters:
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Figure 10.4: Magnitude of B in a coil
• Diameter of a wire 0.2 mm.
• Number of turns of a coil N = 650 [−]
• Height of a coil Vc = 7.5 mm
• Width of a coil tc = 5.5 mm
• Rc = 43 Ω
• lc = 77 m
• Rz = 1000 Ω
• B = 0.38 T
On Fig.10.5 is shown a rms power output of the harvester with different load resis-
tances. And as it was said before, the harvester was designed to have maximal power
output with Rz = 1000 Ω. And on that figure it is shown.
Uzrms is lower at working ζel, but still it is sufficient.
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Figure 10.5: Prms of the harvester with different Rz
Figure 10.6: Uzrms of the harvester with different ζel
Optimisation of Stiff Magnets and Real B
In thesis [26] there were designed stiff magnets for this harvester. Stiffness of the magnets
for angle to ±3.5◦ was 22.6 N
rad
and force 1.38 N . At the angle of ±3.5◦ stiffness was
30.6 N
rad
and force 3.75 N .
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Figure 10.7: Force to a lever from magnets
On Fig.10.7 is shown dependence of force on lever from stiff magnets.
Figure 10.8: Stiffness of magnets
From 0◦ − 3.5◦ is stiffness constant. From 3.5◦ − 7◦ the stiffness grows, thus the
lever would in normal conditions move only ±3.5◦.
For more precise simulation it was also needed to find exact value of B in air gap:
On Fig.10.9 there are shown two lines, which defines the B dependent on the angle
of lever. Dashed line is mean value of B on the coil. Line is the magnitude of B in the
center of a coil. For further simulation there were used both of them.
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Figure 10.9: Value of B
10.3. Behaviour of the Harvester with Modified Val-
ues
For further simulations it was made another model, which has optimized stiff magnets
and cut corners of the pole pieces. Weight of moving parts is 145.55 g and moment of
inertia 0.000695 kg
m3
. Magnetic induction B and stiffness is used from 10.2.
Figure 10.10: Remodelled 3D model
On Fig.10.11 and 10.12 are shown mean power output and voltage on the load for
designed vibrations. From these two figures it’s obvious, that requirements were ful-
filled.
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Figure 10.11: Power output at 28 Hz and 0.3 · g m
s2
Figure 10.12: Voltage output at 28 Hz and 0.3 · g m
s2
There were made simulations, which found the least magnitude of vibrations, when
voltage on the load was above 6 V . The solution is 0.15 · g m
s2
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Figure 10.13: Power output at 28 Hz and 0.15 · g m
s2
Figure 10.14: Voltage output at 28 Hz and 0.15 · g m
s2
All these simulations were made with sinusoidal signals. Thus it is important to check
result with signal, that can be in real conditions. As you can see on Fig.10.15 voltage
rises in peaks to 20 V .
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Figure 10.15: Voltage on the Rz
And with this data the generator produce energy of 4.5 J in sixty seconds.
Figure 10.16: Final version of 3D model
This is the final 3D model of the generator.
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11. Electronics
In chapter 4 it was discussed electronics on the market and at the BUT. From re-
quirements of the output voltage and the power output it was decided that the optimal
electronics for the harvester would be:
• LTC3588-1 [18]
• MAX17710 [19]
• THINERGYR© MEC201 [20]
From description from data-sheets [18], [19], [20] and [14]. It was created a circuit
11.1 suitable for this application. The harvester is connected to the LTC3588-1, where
voltage output from LTC3588-1 is 1.8 V . That is connected to the power management
MAX17710, where it’s charging battery. Maximal power output of this scheme is 100 mW .
Figure 11.1: Possible design of electronics
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12. Conclusion
Health monitoring system (HMS) is the system for safety in aeronautical industry.
That is measured by sensors to power the HMS. Nowadays, there are kilometres of wiring
in modern aeroplanes. Wiring causes more weight of the aircraft and the need of mainte-
nance.
In last few years there was made a progress in harvesting energy from vibrations, heat
and sunlight. These energies can be in inaccessible places of an aircraft. So these energies
can be used for powering HMS, which measure data and this data can be wirelessly
transmitted.
With this knowledge it was decided to use vibration energy for powering the HMS.
For this purpose was used an electromagnetic vibration generator. There were made
requirements for power output and voltage of the harvester, and also it had to have
minimal weight.
To find the best design there were all dimensions of the generator parametrized and
there was used an optimisation method SOMA. Analysis of the generator was made for
these requirements: frequency of vibrations 28.7 Hz, magnitude of vibrations 0.3 · g m
s2
,
power output 100 mW and RMS voltage 10 V . In thesis of Harapát [26] dimensions of
springless magnets were optimized.
The optimized moving part of the harvester has weight of 143 g and the weight of
the system is about 280 g. This generator produces enough energy for powering HMS.
On the market there is electronics for power management for this type of a harvester
(LTC3588-1).
This thesis with [26] should help to quickly design a new optimised vibration harvester
for a different conditions.
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14. List of Symbols
ui induced voltage [V ]
φ magnetic flux [Wb]
t time [s]
N turns of a wire in a coil [−]
B magnetic induction [T ]
S area of conductor in B [m2]
α angle between coil and B [rad]
~v velocity of conductor in B [m · s−2]
~l length of conductor in B [m]
btotal damping of a whole generator [N ·sm ]
bel damping from coil [N ·sm ]
bmech mechanical damping [N ·sm ]
Ek kinetic energy [J ]
Ep potential energy [J ]
Eb dissipative energy [J ]
Q external force [N ]
mgen generalised mass [kg ·m2]
kgen generalised stiffness [Nm ]
bgen generalised damping [N · s ·m−1]
q general coordinate [m]
I moment of inertia [kg ·m2]
ϕ angle of lever [rad]
ϕ˙ angular velocity of lever [rad · s[ − 1]]
ϕ¨ angular acceleration [rad · s[ − 2]]
ain magnitude of acceleration of vibrations [m · s[ − 2]]
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ω frequency of vibrations [rad · s[ − 1]]
i radius of gyration [m]
lact active length of a coil [m]
xcoil position of a coil [m]
Lc induction of a coil [H]
Rc coil resistance [Ω]
Rz load resistance [Ω]
ρcopper resistivity of a copper [Ω ·m]
Urms RMS voltage [V ]
Pmean mean power [W ]
X0 amplitude of the generator [rad]
Z0 amplitude of vibrations [rad]
m mass of the lever [kg]
Q quality factor [−]
ζmech mechanical damping ratio [−]
ζel electrical damping ratio [−]
Ω frequency of the generator and vibrations [rad · s−1]
k spring stiffness [N ·m−1]
I or Iz mass of inertia of the lever [kg ·m2]
Fmagx force from magnets [N ]
a air gap between magnets [m]
b width of permanent magnets [m]
c width of pole piece [m]
d length between magnets [m]
e height of pole piece [m]
f height of permanent magnet [m]
60
angle5 an angle between plane of magnet and plane of pole piece [rad]
µ0 vacuum permeability [H ·m−1]
µpn steel permeability [H ·m−1]
anglem maximal angle of lever [rad]
Vc height of a coil [m]
tc width of a coil [m]
amc air gap [m]
Scu cross-section of a coil [m2]
Nscu area reducer [−]
kc fill factor [−]
rc radius of a coil [m]
lnos length of a beam [m]
ρ1060 mass density of a aluminium alloy [kg ·m−3]
ρ304 mass density of a steel alloy [kg ·m−3]
ρm mass density of a NdFeB [kg ·m−3]
cvalue cost function [−]
Uzdem demanded value of RMS voltage on load resistance [V ]
Uzrms measured value of RMS voltage on load resistance [V ]
mdem demanded mass [kg]
C correction constant [−]
Dimensions, masses and moments of inertia used in chapter 9.2 are well described on
figures in that chapter.
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15. Attachments
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Number Name Description Amount
1 Casing1 Casing 1 1
2 casing_uloz Casing_uloz 2
3 magnetS Stiff Magnet 2
4 Original Lever 1
5 Pmagnet Magnet lever 2
6 ochrannaKlec Pole Piece Casing 1
7 rameno1 Pole Piece 1
8 rameno2 Pole Piece 1
9 magnet Damping magnet 4
10 tyc Rod 1
11 Lozisko Bearing 2
12 drzakProCivku Coil Holder 1
13 nadstava Add 4
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